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Topological effects in edge states are clearly visible on short lengths only, thus largely impeding
their studies. On larger distances, one may be able to dynamically enhance topological signatures
by exploiting the high mobility of edge states with respect to bulk carriers. Our work on microwave
spectroscopy highlights the responses of the edges which host very mobile carriers, while bulk carriers
are drastically slowed down in the gap. Though the edges are denser than expected, we establish
that charge relaxation occurs on short timescales, and suggests that edge states can be addressed
selectively on timescales over which bulk carriers are frozen.
Promising platforms have emerged to investigate the
physics of two-dimensional topological insulators, which
exhibit the quantum spin Hall (QSH) effect. The most
prominent examples are HgTe quantum wells, in which
many transport signatures of the QSH effect have been
observed [1–4] as well as a fractional Josephson effect, a
signature of topological superconductivity [5, 6], in HgTe-
based Josephson junctions. Another promising mate-
rial system, InAs/GaSb double quantum well, also shows
the quantized conductance that accompanies topological
edge state transport [7, 8]. Several other layered materi-
als are also currently under development, such as bis-
muthene [9] or WTe2 [10]. However, the progress in
transport studies of the QSH effect has been severely
hampered as signatures of topology are at most visible
on a few microns despite the expected topological pro-
tection [1, 8, 11]. A significant reason is the presence of
bulk bands, which naturally form puddles near the gap.
Though these states poorly conduct, they may introduce
scattering of the topological states [12]. The associated
density of states (DOS) is large, especially in HgTe QWs
with indirect band gap.
Topological signatures may be enhanced in dynamical
studies by exploiting the difference in transport or scat-
tering timescales between topological and bulk carriers.
Recent efforts have for example demonstrated that dy-
namical experiments in the THz range [13] or using time-
resolved ARPES [14] allow the investigation and manip-
ulation of sensitive topological states despite bulk back-
ground carriers. Transposing this idea to a microwave
transport regime, we propose microwave drives to dy-
namically isolate quasi-ballistic topological edge modes
while bulk carriers have an evanescent contribution since
their diffusivity collapses near the gap of the material.
Here, we report on a systematic study of microwave
capacitance spectroscopy, in the frequency range 10 kHz–
10 GHz, to investigate narrow HgTe quantum wells
(QW). Microwave ac signals enable simultaneous mea-
surements of the capacitive response, sensitive to the
density of electronic states, and of the resistive response,
probing their ability to conduct, as exemplified recently
in three-dimensional topological insulators [15–18]. Mi-
crowave capacitance spectroscopy thus naturally evi-
dences the resulting RC charge relaxation times of each
transport channel. We combine it with geometric scalings
and gate control of the electron density. In this article,
we show that the conduction and valence bands of the
QW are ruled by a single-mode dynamics, correspond-
ing to bulk carriers in good agreement with k · p band
structure predictions. In contrast, the microwave spectra
confirms a striking two-mode dynamics when the Fermi
level approaches the gap. The dynamical transport prop-
erties can be ascribed to bulk and edge carriers, which is
confirmed by geometric scalings [19]. As expected, the
edges host very mobile carriers but they appear also much
denser than predicted for bare helical edge states. It sug-
gests that the structure of topological edges is complex
for example due to electrostatics and/or disorder. In con-
trast, bulk states have high resistance and contribute an
enormous density of states (DOS) near the gap, resulting
in a slow dynamics. Consequently, the charge relaxation
frequencies associated to bulk and edge carriers differ by
more than one order of magnitude, thus paving the way
for more robust experiments in which topological edges
can be dynamically and selectively addressed, while bulk
carriers remain frozen.
Samples – Our samples are based on HgTe/HgCdTe
QWs grown by molecular beam epitaxy on CdTe sub-
strates (see Fig.1a). The thickness t of the quantum wells
varies between 5 and 11 nm, while the protective HgCdTe
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FIG. 1. Experimental techniques: a) Schematic side
view of the device, showing the different layers of the Cd-
HgTe/HgTe heterostructure, as well as the gate and contact.
b) Artist view of the capacitor device, embedded in a copla-
nar waveguide c) High-frequency measurement setup, based
on a vector network analyzer (VNA), the ports of which are
connected to both source and gate. Two bias-tees are used to
apply the dc gate voltage Vg that controls the electron den-
sity. For low frequency measurements, a lock-in replaces the
VNA. d) Model of the capacitor as a distributed RC line, with
a contact resistance Rc, and a linear resistance R and linear
capacitance Ct.
capping layers has a typical thickness of 15 nm. In these
quantum wells, the band structure consists of light elec-
trons in the conduction band, and heavier holes in the va-
lence band. A topological phase transition occurs for the
critical thickness tc ' 6.6 nm. For t > tc an inverted band
ordering is responsible for the appearance of topologically
protected quantum spin Hall edge states in the gap of the
quantum well [20]. For t < tc, the band ordering is nor-
mal and no edge states occur, the sample is topologically
trivial. The quantum wells are first characterized using
standard Hall-bar measurements, which yield a typical
mobility around 2× 105 cm2 V−1 s−1 (measured at a den-
sity 3× 1011 cm−2 in the conduction band). A series of
QWs have been investigated and have given similar re-
sults. This letter focuses on several devices realized on
one layer, with a thickness of 8 nm and a predicted gap
around 8 meV as shown in Fig.2a. Additional data ob-
tained on other topological layers, and control data on
a trivial (non-inverted) sample are reported in the Sup-
plementary Materials [19]. The devices consist of square
capacitors of side L = 3, 5, 10, 20 µm, embedded in gold
coplanar waveguides ( Fig.1a and 1b). For these devices,
the capacitor mesa is defined via a wet etching technique
[11] that preserves the high crystalline quality and the
high mobility of the epilayer. The contacts and gate are
patterned via optical lithography. The gold gate elec-
trode is evaporated on top of a 7 nm-thick HfO2 insulat-
ing layer, grown by low-temperature atomic layer depo-
sition (ALD)[11]. An ohmic contact is deposited by Au
evaporation.
Admittance measurements – The capacitors are mea-
sured in a cryogenic RF probe station at a temperature
T = 10 K using a vector network analyzer (VNA) over
three decades of frequency 10 MHz < f < 10 GHz. Stan-
dard in-situ calibration techniques enable to de-embed
the response of the circuitry and stray capacitances from
the admittance Y (ω) of interest, with ω = 2pif . Earlier
works [17, 18, 21] have demonstrated that the capaci-
tors can be (assuming translation invariance along the
transverse direction) described by a distributed RC line
of length L, with line capacitance Ct and resistance R,
such as the one depicted in Fig.1d. At the lowest or-
der in frequency, the device is equivalent to a capacitor
Ct = CtL, with the admittance given by Y (ω) = iωCt.
The total capacitance Ct is the series addition of the stan-
dard geometric capacitance Cg and the quantum capac-
itance Cq, which accounts for the increase of the Fermi
energy and reads Cq = e
2ρ, where ρ is the DOS (for
weakly interacting systems in the limit of zero tempera-
ture). The geometric capacitance Cg is extracted at high
densities in the valence band for which Ct ' Cg (see
[17, 19, 21]). Since the QW is never strongly depleted
even in the gap, the geometry remains that of a plate
capacitor. We thus calculate Cq assuming a constant
Cg. Importantly, we compute the chemical potential [22]
µ =
∫ Vg (1− Ct(V )Cg )dV to allow for a direct compari-
son with predictions obtained from k · p band structure
calculations [23]. The origin of the chemical potential is
fixed to the maximum of the sample sheet resistance[19].
a b
FIG. 2. Quantum capacitance of HgTe quantum wells:
a) Energy bands as function of momentum kx, as calculated
for different values of transverse momentum ky. b) Quantum
capacitance cq (per unit area) as function of energy µ (for a
size of L = 10 µm). The grey line corresponds to the com-
puted value of cq given the k · p band structure, the red dots
and line to experimental data.
3Quantum capacitance – Fig.2 shows experi-
mental data of the (areal) quantum capacitance
cq(µ) = Cq(µ)/L
2 and k · p predictions. The capac-
itance is low in the conduction band (cq < 20 mF m
−2
for µ > 0), and increases quasi-linearly with µ, as
expected for two-dimensional bands with quasi-linear
band dispersion. The agreement with k · p calcula-
tions is excellent in this regime, provided the value of
Cg is fine tuned (within ±2%). In this regime, the
quantum capacitance is given by [17] cq =
e2
pi(~vF)2µ,
with the Fermi velocity vF ' 1× 106 m s−1. In the
valence band (µ . 0), we observe that cq is very high
(cq > 40 mF m
−2) as the valence band has a high mass.
cq is however difficult to extract with high precision
in this range, due to the finite value of the geometric
capacitance (here cg ' 3.91 mF m−2). In between
these two regimes, a minimum is observed in the data
cq ' 10 mF m−2. It indicates the gap of the QW, where
QSH edge states should be observed. A modeling as
merely one-dimensional edge states yields a quantum
capacitance per unit length of 4e
2
hvF
' 0.2 nF m−1 for
the topological edge states [24, 25]. On a L = 10µm
device, it corresponds to a very low areal contribution
cq < 0.1 mF m
−2, much smaller than the observed
minimum. This residual contribution in the gap is thus
unlikely to originate solely from the edge states, but
more likely from disorder in the bulk bands. The smear-
ing is much larger than the temperature (kT . 1 meV)
and any broadening induced by the probe signal, and
may be attributed to inhomogeneous bulk bands, charge
puddles due to disorder, thickness fluctuations [26]
or electrostatics. As a consequence of the extremely
large DOS of the valence band, the minimum of cq
is surprisingly up-shifted in energy with respect to
the theoretically predicted gap (here typically around
µ = 10 meV).
Edge and bulk dynamics – For higher frequencies, dis-
sipative and propagative effects set in. As depicted in
Fig.1d, dissipation results from the access resistance Rc
and the finite sheet resistance R = RL of the HgTe.
For frequencies exceeding the charge relaxation frequency
1/2piRCt of the device, typically 1 GHz for L = 10 µm,
the capacitors then host evanescent waves [17, 21, 27],
driven by the resistance of the HgTe film. Assuming
translation invariance along the transverse axis, the ad-
mittance of the capacitor reads [19]:
Y (ω) =
1
Rc +
R
ik tanh(ik)
(1)
where Rc describes the lumped contact resistance, while
the tanh term describes the evanescent waves in the ca-
pacitor, with k =
√
iRCtω.
The fits obtained with this simple model are in excel-
lent agreement in a wide range of energies corresponding
to the valence and conduction bands (as illustrated in
Fig.8a and 8f, see also Supplementary Materials [19] for
linear-scale and Nyquist plots) and confirms the validity
of the model. In particular, the crossover between the
low-frequency and evanescent regime is highlighted by a
clear maximum in Im
(
Y (ω)
)
. The fit yields the value of
the HgTe sheet resistance R and of the contact resistance
Rc. Rc is found to be relatively independent of Vg in the
validity range of the model, with Rc = 0.3−4 kΩ depend-
ing on the device. However, we observe strong discrepan-
cies arising near the gap between this simple one-carrier
model and the data as illustrated in Fig.8c, 8d, 8e. In
particular, the admittance Y exhibits two successive low-
frequency regimes (DC− 0.1 GHz and 0.1− 2 GHz). We
attribute these features to the presence of two indepen-
dent types of charge carriers, a priori ascribed to the bulk
(2D) and edge (1D carriers), with different charge relax-
ation times. Consequently, we model the system using
two parallel distinct distributed RC circuits, each with a
contact resistance:
Y (ω) = Y 1D(ω) + Y 2D(ω) (2)
where Y 1D/2D are both given by Eq.(1). We obtain an
excellent agreement between model and data over three
decades of frequency (Fig.8c, 8d, 8e) and the two low-
frequency regimes are fully captured. The results are
shown in Fig.4a. The largest contribution c2Dq is at-
tributed to the two-dimensional bulk states and is ob-
served to follow the k · p predictions. The second con-
tribution appears close to the gap, and is consequently
attributed to edge carriers c1Dq . The above attribu-
tion of c
1D/2D
q is validated by a separate study of the
length dependence of cq[19], which confirms the val-
ues of c
1D/2D
q , their variations with µ and more impor-
tantly their one- or two-dimensional characters. The one-
dimensional component can only be detected in inverted
(topological) heterostructures, it is thus likely a signa-
ture of the topological edge states. Its order of magni-
tude c1Dq ' 10 nF m−1 remains however 20 to 50 larger
than that of of a bare helical edge state. Though we can
not at this stage clearly establish the most plausible ex-
planation, several scenarios can be proposed. First, high
quantum capacitances have been measured for quantum
Hall edge states [28, 29]. They have been attributed to
edge reconstruction under the action of electrostatics and
electron-electron interactions [30–32], leading to the for-
mation of compressible and incompressible stripes. Our
observations may also originate in the presence of resid-
ual charge puddles near the edges, to which the edge
states could couple. These puddles result from disorder,
especially when the gap of the QW is small, and may be
enhanced on the edges by electrostatics as the topological
edge states themselves may screen the action of the gate.
Regardless of the microscopic details, a (spin-degenerate)
bulk sub-band, could contribute up to 5 nF m−1, so that
typically 1 to 2 states would reside in the vicinity of the
4107 108 109 1010
Frequency f [Hz]
0
0.1
0.2
0.3
0.4
0.5
0.6
Ad
m
itt
an
ce
 Y
 [m
S]
107 108 109 1010
Frequency f [Hz]
0
0.1
0.2
0.3
0.4
0.5
0.6
Ad
m
itt
an
ce
 Y
 [m
S]
107 108 109 1010
Frequency f [Hz]
0
0.05
0.1
0.15
0.2
0.25
0.3
Ad
m
itt
an
ce
 Y
 [m
S]
107 108 109 1010
Frequency f [Hz]
0
0.05
0.1
0.15
0.2
0.25
0.3
Ad
m
itt
an
ce
 Y
 [m
S]
107 108 109 1010
Frequency f [Hz]
0
0.05
0.1
0.15
0.2
0.25
0.3
Ad
m
itt
an
ce
 Y
 [m
S]
107 108 109 1010
Frequency f [Hz]
0
0.1
0.2
0.3
0.4
0.5
Ad
m
itt
an
ce
 Y
 [m
S]
a b c
d e f
-17 meV -13.2 meV -7.6 meV
-2.4 meV 83 meV
Re(Y)

Im(Y)

Fits
4 meV
f2D
f2D f1D
FIG. 3. High-frequency admittance: Admittance Y as function of frequency f for different energies µ (indicated in each
panel, see also Fig.2) for L = 5µm. Panels a, b correspond to the valence band, f to the conduction band, and show a good
agreement with a single-mode model (plain grey line). The other panels (c, d, e) correspond to the transition from valence to
conduction bands. They are only well fitted by the two-mode model (plain grey line), while single-mode models fail (dashed
grey line). The vertical dotted lines indicate the values of the charge relaxation frequencies f2D and f1D.
topological edge states, introducing some scattering [33]
in the edge states.
Our measurement technique is primarily sensitive to
capacitances. Consequently, though the contact and
sheet resistances can easily be separated in the single-
carrier model, they can only be determined with an ac-
curacy of 50% in the two-carrier model. We observe
nonetheless that, near the gap, the total 2D resistance
R2Dt & 40 kΩ is much larger than the total 1D resis-
tance R1Dt ' 10 − 15 kΩ. In an ideal QSH regime, the
geometry resembles that of a mesoscopic capacitor [34–
36], and R1Dt should be dominated by a contact resis-
tance, between RK4 (coherent regime) and
RK
2 (incoher-
ent regime)[37, 38], where RK =
h
e2 is the resistance
quantum. Though no quantized resistance plateau is ob-
served in our samples, the extracted values of R1Dt tends
to validate the topological origin of the 1D contribution.
Higher resistance (. RK) are sometimes observed, prob-
ably due to the presence of scattering as the perimeters
of the sample are large (' 15 µm here). This observation
justifies a posteriori the description of the edge carriers
as a mixed contact and line resistances.
Charge relaxation frequencies – This broadband anal-
ysis also yields the charge relaxation frequencies given
by f1D/2D = 1/2piR
1D/2D
t C
1D/2D
t as plotted in Fig.4b. In
the conduction and valence bands, where the single-mode
picture holds, we observe that the (bulk) electrons have a
high response frequency (f2D ' 0.7−0.8 GHz). However,
this charge relaxation frequency decreases drastically
when the Fermi level approaches the gap and reaches
f2D ' 0.1 GHz. In the same energy range, the edge
electrons appear very mobile, with f1D ' 0.9 GHz. The
dynamics thus clearly highlights the presence of mobile
edge carriers near the gap in an energy range where bulk
carriers are much slower. At high frequency, bulk trans-
port is evanescent over a length δ2D ' L
√
2f2D
f  L,
whereas edge currents penetrate over a larger distance
(δ2D  δ1D ∼ L). The analysis also confirms that topo-
logical carriers coexist with the conduction band over a
large range of energies (' 30 meV), in line with theoret-
ical predictions [39] and observations [5, 40].
The edge and bulk signals are thus clearly distin-
guished in the microwave spectra, via the charge relax-
ation frequency, while they are intertwined in measure-
ments of the resistance or quantum capacitance. Beyond
this mere identification, the large difference between f1D
and f2D (about a decade) also has strong implications:
it demonstrates that a careful (and geometry-dependent)
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FIG. 4. Quantum capacitances and charge relaxation
frequencies: a) On the left axis, for L = 5µm, the quantum
capacitance c2Dq attributed to the 2D bulk carriers is shown
as a blue line as a function of energy µ, together with the
prediction of the k · p calculations (solid grey line). The 1D
contribution c1Dq is plotted on the right axis. b) The relaxation
frequencies f2D and f1D) are plotted as function of energy µ,
as blue and red line respectively.
choice of the drive frequency f2D  f  f1D would allow
for addressing dynamically the edge states on time-scales
over which the bulk states are frozen. In particular, a
favourable situation if found near the bottom of the con-
duction (µ ' 0 meV), where the bulk has a low DOS and
is already relatively resistive, and the edge states acces-
sible.
Summary and Outlook – As a conclusion, our mea-
surements bring up new information on the transport
of topological edge states. While the bulk is mostly in-
sulating in the gap, its DOS is found to remain rather
large. Nonetheless, the response of the edge states can
be isolated in high-frequency admittance. The edges are
rather dense, suggesting that the topological edge states
are surrounded by additional states which contribute to
the large DOS and to scattering, but not in a signifi-
cant manner to transport. Their exact nature remains
however to be clarified in further studies. Importantly,
this work reveals that charge relaxation frequencies for
bulk and edge states differ typically by a decade. It im-
plies that microwaves, typically in the GHz range, could
be utilized to selectively address and control topologi-
cal edge transport irrespective of the presence of bulk
states. Larger devices with enhanced topological signa-
tures could for example be used to probe for instance
Luttinger liquid physics [38, 41–44] or dynamical spin
and charge transport [45–47]. Finally, we argue that the
method is applicable to other topological phases (3D TIs
or Weyl semi-metals) where topological transport often
compete with numerous less mobile trivial modes.
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METHODS
Experimental techniques
The measurements have been performed in a mi-
crowave cryogenic probe station Janis ST-500 equipped
with Picoprobe GSG-100 microwave probes. The
base temperature is 10 K. For high-frequency phase-
referenced measurements, we use a Vector Network An-
alyzer (VNA) Anritsu MS4644B. The VNA is first cal-
ibrated in the desired frequency range using the SOLT
(short-open-load-thru) method on a calibration substrate
Picoprobe CS5, thus moving the reference planes to the
microwave probe ends. The propagation in the con-
tacts is further corrected by measuring the response of
a thru-line. Finally, stray capacitances are subtracted by
measuring a dummy device, with identical geometry but
without the conductive HgTe mesa structure. The cor-
rection from the dummy is found to be slightly too small,
as found from control data on non-topological QWs (see
Section ). A residual stray capacitance of a few fF is of-
ten visible. As it is much smaller than c1Dq , it does not
modify any of our conclusions.
Complementary low-frequency measurements have
been made using a lock-in detector (Zurich Instruments
HF2LI) combined with a low-noise pre-amplifier. As the
setup is not phase-referenced, they only allow for the ex-
traction of the capacitance term (lowest order in ω). Both
extract methods agree within the error bars.
From Ct to cq
The measurements with a lock-in amplifier or a VNA
directly yields the total capacitance Ct of the sample. An
example measurement of Ct as function of Vg is shown
in Fig.5a. The gap feature is immediately visible around
Vg ' 0.1 V as a dip in Ct. The contrast is very good
(typically 25 % modulation of Ct) thanks to the very thin
insulator layer that maximizes the value of Cg. A clear
saturation is observed for Vg < −0.2 V that signals the
very heavy valence band, for which Ct ' Cg. From the
saturation value, we obtain Cg with an estimated error <
2%. Knowing Cg, we compute Cq and cq =
Cq
S , where S
is the area of the sample. To avoid any systematic error in
cq, we measure S with microscope pictures. In the length
dependence (see next section), we use
√
S rather than the
nominal value L. Despite the accuracy of less than 2%
on Cg, the agreement with k · p prediction can sometimes
be insufficient. We take these theoretical predictions as a
reference and thus fine tune the value of Cg (within 2%)
to obtain the best agreement, and finally obtain the plot
of cq as function of µ as presented in Fig.5
Single mode high frequency admittance
Following earlier works [17, 21], we model the capacitor
as a distributed RC line (of length L along the x axis,
see Main text). On the source side, an oscillating voltage
Vac(t) is applied, while a dc gate voltage is set to the other
end of the line. Solving the Kirchhoff equations, one can
easily show that the local voltage V (x) and current I(x)
read :
V (x) = V+e
iγx + V−e−iγx (3)
I(x) =
iγ
r
(
V+e
iγx − V−e−iγx
)
(4)
with γ =
√
iωRCt. Solving for the above mentioned
boundary conditions, this immediately yields the admit-
tance Y0(ω) of the line:
Y0(ω) =
I(0)
V (0)
=
iγ
r
tanh(iγL) =
ik
R
tanh (ik) (5)
with k =
√
iωRCt, R = RL,Ct = CtL. Taking into
account the contact resistance between the QW and the
gold lead of the source, a discrete resistance Rc is further
attached to one end and the admittance Y is finally given
by:
Y (ω) =
1
Rc + 1/Y0(ω)
=
1
Rc +
R
ik
1
tanh(ik)
(6)
The low frequency expansion of Y (ω) can then be calcu-
lated, and gives:
Y (ω) = iωCt + ω
2RtC
2
t + o(ω
2) (7)
with Rt = Rc +
R
3 .
LOW FREQUENCY AND LENGTH STUDY
The following experiment in the low-frequency range
has been repeated on approximately 30 devices, fabri-
cated from 3 epilayers. Systematic behavior has been
observed, which supports the high-frequency analysis re-
ported in the main text. We here present their conclu-
sions. The sample presented in the main text is here
denoted as Topological B.
Low-frequency RC-like behavior
This paragraph focuses on the low-frequency quanti-
ties Rt, Ct and cq (per unit area) measured on a non-
topological sample and two topological ones, including
the one presented in the main text. In particular, it es-
tablishes, through the comparison of capacitors of dif-
ferent sizes, the existence of a 1D density of states in
7Estimated Cg
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FIG. 5. Evaluation of Cg: a) Raw data for Ct is plotted in blue, showing a clear minimum attributed to the gap. For negative
voltages, Ct saturates at Ct ' Cg due to the large DOS in the valence band. This yields Cg with a low uncertainty (below
2%). b) After fine tuning of Cg within this 2% uncertainty margin, a good agreement with k · p predictions is found in the
conduction band regime.
topological samples, as expected due to the presence of
topological edge states. The capacitance values extracted
for the edge states are in excellent agreement with the
ones coming from the high frequency measurements and
validate the high frequency analysis.
FIG. 6. Quantum capacitance and resistance of a topo-
logical HgTe quantum well: The quantum capacitance per
unit area cq (blue line, left axis) and the total resistance Rt
(red line, right axis) are plotted as a function of energy µ.
As a grey line, the computed value of cq given the k · p band
structure is also reproduced. As a dashed red line, the con-
tact resistance Rc is plotted in the energy range in which it
can meaningfully be extracted from the high-frequency anal-
ysis. This dataset has been measured on Topological A for
L = 10 µm.
In Fig.6, the total resistance Rt of Topological A is pre-
sented together with the quantum capacitance cq. In the
valence and conduction band, Rt is very low as the QW
is very conductive, and saturates close to the value of the
contact resistance, Rt ' Rc (the latter being extracted
from the high-frequency analysis, and depicted as the
dashed line). The gap is clearly indicated by a sharp peak
in Rt. For trivial samples (not shown), the gap is quite
insulating and Rt > 400 kΩ. As stated in the main text,
for topological samples in an ideal QSH regime, the ge-
ometry resembles that of a mesoscopic capacitor [34–36],
and a charge relaxation resistance between RK4 (coherent
regime) and RK2 (incoherent regime) is expected[37, 38],
where RK =
h
e2 is the resistance quantum. Though many
measured peak resistances lie in this range (see Fig.6),
none of the samples however exhibit a clear quantized
resistance plateau, and higher values (∼ RK) are some-
times reached, probably due to the presence of scattering
as the perimeters of the sample are large (30 µm here).
Importantly, we found that in all samples the minimum of
cq and the maximum of Rt are not aligned. This indicates
that the gap hosts a large amount of bulk states that do
not participate very efficiently to transport, and that the
Fermi energy is mostly pinned to the valence band. In
contrast, the minimum of cq (here around µ ' 10 meV)
corresponds to a smaller DOS, but a higher conductance.
Length dependence
As illustrated in Fig.7a, 7b, 7c, for all samples the
curves are superimposed for µ > 60 meV signaling that
cq does not depend on L, and the system is thus two-
dimensional. However, a clear length dependence ap-
pears for lower energies in the topological samples (Fig.7b
and 7c). Assuming the existence of edge channels of a fi-
nite width, we can decompose the quantum capacitance
contribution in two parts:
• a lineic contribution coming from the edge modes
scaling as S1 = 3WL − 2W 2 ' 3WL, where W is
the effective width of the edge modes.
• a surfacic contribution coming from the bulk modes
scaling as S2 = (L−W )(L− 2W ) = St − S1
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FIG. 7. Length dependence of the quantum capacitance: a, b, c) Quantum capacitance cq (per unit area) as function
of energy µ measured for different lengths L = 3, 5, 10, 20µm. The grey line corresponds to the computed value of cq given the
k · p band structure, the colored lines correspond to experimental data for a size L indicated by the caption d, e, f) On the left
axis, two-dimensional component c2Dq (per unit area) as a blue line, the grey line corresponds to cq computed from the k · p
band structure. On the right axis, one-dimensional component c1Dq (per unit length) as a red line.
The edge states are assumed to run on three sides only
of the gated surface L2, but not on the side nearby the
contact. We assume that the geometric capacitance Cg =
cgL
2 is in series with the two quantum capacitances cq1S1
and cq2S2 in parallel:
Cq = cq1S1 + cq2S2 (8)
= c2Dq L
2 + 3c1Dq L (9)
with c2Dq = cq1 and c
1D
q = W (cq2 − cq1).
Fits of the data for each µ finally yields c1Dq and c
2D
q ,
plotted in Fig.7e and 7f. The two-dimensional part c2Dq
follows the k · p calculations, confirming the validity of
the modeling. In contrast, the one-dimensional con-
tribution c1Dq appears at energies µ < 40 meV and is
at its largest near the gap. The order of magnitude
c1Dq ' 5 − 10 nF m−1 is however 25 to 50 times larger
than that expected for a merely one-dimensional edge
(typ. 0.2 nF m−1), in agreement with the values ex-
tracted from the two-fluid model analysis presented in the
main text. In contrast, the Trivial sample does not show
any clear linear one-dimensional contribution, confirming
the absence of edge transport in the gap (Fig.7a and 7d).
We however note the scaling analysis can hardly be per-
formed for negative energies. Indeed, cq varies abruptly,
and errors and variations in the determination of Cg are
amplified in this regime especially for Trivial as the QW
is strongly depleted in the gap.
The above modelling can be used to link the 1D and 2D
components of the total capacitance to the two compo-
nents of the quantum capacitance, using the assumption
3Lc1Dq
c2Dq L
2  1,
Ct =
CqCg
Cg + Cq
(10)
= c2Dt L
2 + 3c1Dt L (11)
with c2Dt =
c2Dq cg
cg+c2Dq
and c1Dt = c
1D
q
(
c2Dt
c2Dq
)2
.
ADDITIONAL MICROWAVE DATA
Linear-scale and Nyquist representation of
microwave spectrums
Fig.8 displays two spectrums from Fig.4 (main text),
respectively taken at µ = −17 meV and µ = −2.4 meV.
They are first shown using a linear frequency scale
9(panels a and b) to emphasize the low-frequency lin-
ear/parabolic behavior, expected for a RC circuit, as well
as and the good quality of the fits at high frequency.
Panels c and d show the same data in a Nyquist rep-
resentation. The single-mode behavior (c) appears as a
half-circle typical of the RC circuit response, with devi-
ations appearing at higher frequency when entering the
evanescent regime. The two-mode response (d) shows the
succession of two arcs.
Control data on a non-topological quantum well
High frequency data obtained using the reference sam-
ple Trivial (see Section ) are shown on Fig.9. Outside
the gap region (not shown), the samples are nicely fitted
by a single-mode response. Near the gap, the resistance
is very large as the sample become quite insulating, with
resistance reaching several hundreds of kΩ. A second
feature becomes visible near the resistance peaks, as the
admittance becomes very small. It is characterized by
a linear increase of Im(Y ), while Re(Y ) remains almost
constant.
This linear behavior of Im(Y ) is characteristic of an ad-
ditional capacitive coupling, which we model again with
our two-mode model. For the following reasons, we at-
tribute it to a residual stray capacitance, not perfectly
corrected by the dummy structure:
• Order of magnitude: the residual capacitance is on
the order of a few fF, representing typically 20 to
50 % of the dummy correction. It is in any case
more than 10 times smaller than the observed 1D
mode in topological samples.
• Associated resistance: the resistance associated to
this mode is very low (< 1 Ω), and is incompati-
ble with any transport channel in a semi-conductor
device.
• Gate dependence: as visible on the different panels
of Fig.9, the slope (hence the capacitance) is almost
gate independent.
• Calibration dependence: data sets with different
calibration show different values of the residual ca-
pacitance, substantiating the possibility of an inac-
curate dummy correction.
Remarkably, on panel b, the bulk response has totally
vanished, and the stray capacitance thus dominates. This
study actually gives a good estimate of the measurement
accuracy, typically on the order of a few fF. It confirms
the validity of the length and high-frequency studies, as
the variations attributed to c1Dq are typically one or two
orders of magnitude larger.
Study of a larger topological device (L = 10µm)
In this section, we show additional data obtained on a
larger device than the one presented in the main text,
namely L = 10 µm. The single- and two-mode fits
are performed similarly and the results are presented in
Fig.10, yielding consistent data with the device shown in
the main text (L = 5µm).
The trends previously observed for c2Dq and c
1D
q are
globally confirmed, as well as the corresponding magni-
tudes, thus validating the study shown in the main text.
Interestingly, one observes that the 2D charge relaxation
frequency saturates at f2D ' 200 MHz. From this data,
one can calculate the diffusion constant using the Ein-
stein relation [21], which remains remarkably constant
over the whole conduction band:
D2D =
1
R2Dc2Dq
' 0.03 m s−2 (12)
As R2D is here the sheet resistance per square and c
2D
q
is the capacitance is per unit area, D2D should be inde-
pendent of L. Calculating D2D for the sample presented
in the main text, we indeed obtain the same value.
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